Methods proposed in this article cover; (a) generation of conjugate, gear tooth surfaces with localized bearing contact; (b) derivation of equations of gear tooth surfaces; (c) simulation of conditions of meshing and bearing contact; (d) investigation of the sensitivity of gears to the errors of manufacturing and assembly (to the change of center distance and misalignment); and (e)improvement of bearing contact with the corrections of tool settings. Using this technological method we may compensate for the dislocation of the bearing contact induced by errors of manufacturing and assembly. The application of the proposed methods is illustrated by numerical examples. The derivation of the equations is given in the Appendix.
Introduction
Circular arc helical gears have been proposed by Wildhaber(lO) and Novikov''" (Wildhaber-NoviKov gears). These types of gears became very popular in the sixties, and many authors in Russia, Germany, Japan and the People's Republic of China made valuable contributions to this area. The history of their researches can be the subject of a special investigation, and the authors understand that their references cover only a very small part of the bibliography on this topic.
The successful manufacturing of a flew -9'~of gearing deperfds on the precision of the tool used for the generation of the gears. Kudrjavzev{3) in the USSR proposed the application of two mating hobs for the generation of the W -N gears. These hobs were based on the application of two FAYDOR 
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mating rack cutters, the normal section of each rack cutter representing a circular arc. Tools for the generation of circular arc helical gears have been proposed in West Germany by Winter and Looman.i'P
The circular arc helical gear is only a particular case of a general type of helical gear which can transform rotation with constant gear ratio and have a point contact at every instant. Litvin (4) and Davidov(!) simultaneously and independently proposed a method of generation for helical gears by "two rigidly connected" tool surfaces. We shall, however, limit the discussion to the case of circular arc helical gears.
The purposes of this article are twofold: the simulation of the conditions of meshing and the bearing contact for the misaligned W -N gears (the TCA method), and the adjustment of the gears for the compensation of the dislocation of the bearing contact. The main geometric properties of these gears and the method of their generation are also considered.
The tooth surfaces of circular arc helical gears (W-N gears) are in contact at a point at every instant instead of in contact along a straight line, as is the case with involute helical gears, Due to the elasticity of gear tooth surfaces, the initial contact at a point of circular arc helical gears spreads over an ellipse under the load. In the process of meshing, the center of the contacting ellipse moves over the gear tooth surface along a. helix. The line of action 1S the set or contacting points which is represented in a fixed coordinate system rigidly connected to the frame. The line of action for the Novikov gears is a line which is parallel to the axes of rotation. The gear tooth. surfaces may be generated by two rack cutters -F and P -provided with the generating surfaces E F and Ep. We may imagine that surfaces I:F and Ep are rigidly connected to each other and are in tangency along the straight line a -a (Fig. la) Two hobs and two grinding wheels may also be used instead of two rack cutters for the generation of gears. The design of these tools is based on the idea of application of two rack cutters. The shape of these mating tools depends on the gear pitch only, and the same tools can be used for the generation of mating gears with different combinations of teeth.
Circular arc helical gears have the following advantages over involute helical gears. There are reduced contacting stresses and better conditions of lubrication. The disadvantages of these gears are higher bending stresses due to point contact of the tooth surfaces, sensitivity to the change of the center distance and to the misalignment of axes of gear rotation, and a more complicated tool shape. However. some of these disadvantages can be avoided, and circular arc helical gears may have a certain area of application. The bending stresses can be reduced by appropriate proportions of tooth elements. The effect of dislocation of the bearing contact due to the change of the distance between the gear axes may be reduced by appropriate relations between the principal curvatures of gear tooth surfaces, and may even be compensated for technologically by refinishing one of the gears (the pinion). Fortunately, the change of axes distance does not induce kinematical errors -a deviation of function 4>2 (4) can exert vibrations of gears. Simultaneously, the misalignment of gear axes also effects a small dislocation of the bearing contact. The effect of misalignment of gear axes can also be compensated for technologically by refinishing of the pinion.
The purpose of this article is to demonstrate the computeraided simulation and adjustment of the bearing contact and conditions of meshing of circular arc helical gears .
Main Features
The main advantage of Wildhaber-Novikov gears is based on the fact that helical gears with point contact of the tooth surfaces are free of the restrictions of curvatures that are typical for spur and helical gears which have line contact of the tooth surfaces.
Consider shapes EI and E 2 , which are the cross sections of spur or helical gears having line contact of the tooth surfaces. Shapes E] and 1;2 are in tangency at point M (Fig. 2) . The instantaneous angular velocity ratio is given by
Generally, m12 is not constant and ml2 """ f (4) Consider that the diHerence of curvature radii, 4(1. provides optimal conditions for contacting stresses, but does not satisfy Equation (2) . However. the gear ratio will be constant for helical gears if their surfacesare in point contact. This statement may be proven with the following considerations. Fig. 3&1shows a gear tooth surface of a helical gear ..Such a surface may be represented as a set of planar curves which lie in planes, perpendicular to the gear axis. For instance, E(1) and E(2) are the shapes of the gear tooth surface which lie in planes PI and P2• respectively (Fig. 3a, b) . The orientation of 1:: (2) is diff.erent from the orientation. of r:(I). To obtain a desired orientation for I;(2), we have to rotate the gear through a. definite angle by which point M' will come to the position L; the line ML is parallel to the axis of gear rotation. Assume that initiaHy M is the point of tangency of the mating surfaces ( Fig.. 3b) . The normal n" to the shape l; (1) passes through the instantaneous center of rotation, I. The location of Ion. the center distance corresponds to the given gear ratio. After rotation through a definite angle, shape E,(2) which lies in plane P z , will have the same orientation as that of 1:,(1) and the new point of contact of the mating surfaces will be L (Fig. 3b) . The conditions of meshing at point L will be the same as that at point M.
We find from these considerations that helical gears which are in point centact witl transform rotation with a constant gear ratio if their screw parameters h1 and h z are related as follows:
Here hi = .r,tan Xi (i = '1,2) (4) where Aj is the lead angle, and .rj is the radius of 'the gear axode-the pitch cylinder .. Thus. the transformation of rotation may be performed with a constant gear ratio which is independent of the curvatures of the gear tooth surfaces.
Generating Surfaees The shapes of the mating rack cutters do not coincide; rather they are in tangency at points Ml and M 2.
We may represent all four circular arcs in the coordinate systems Sa (Xa, y«. Xa) by the same equations.
Here ei is the radius of the circular arc; aj and b'i are algebraic values which determine the location of the center of the circular arc; f)i is the variable parameter which determines the location of a point on the circular arc (8'1 is measured clockwise from the negative axis yRh P" is the diametral pitch in the normal section; and 1fc is the pressure angle. The element proportions of rack cutters 111,h» h3 and h 4 ,3[ie expressed in terms of normal diamet:ral pitch, PrJ' It was mentioned above 'that Equations (5) represent all four circular 3I1CS-the shapes of both rack cutters. Thus equations represent the circular arc centered at Cf (Fig. 4) .
Knowing the normal section of the rack cutter, we may derive equations of the generating surface using the matrix form of coordinate transformation.
Consider that a rack cutter shape is represented in the coordinate system S!j) ( fig. 6a) . The rack cutter surface will be generated in the coordinate system S/) ( fig. 6b ) while the coordinate system S' ;1) translates along the line o~)O~)with respect to .~); 10,0<11
!.Ii is a variable parameter .. Using the matrix equation
In the derivation of Equations (8). we assume tha'l Qj > 0 and bi > O. The unit normal. to the rack cutter surface is given by 'the equations (9) Equations (8) and (9) yield (10) Consider that coordinate systems~FJ and Sf!) coincide.
Surfaces Eft) and E!?) will be in tangency if the following equations are satisfied:
iP)
.:Ie ' Equations (8), (10) , (11), and (12) yield that surfaces EF and tp are in tangency along a straight line a -a [ Fig. la) if the following conditions are satisfied:
Here Y,e is the pressure angle. The normal sections of the gear teeth do not coincide with the corresponding normal sections of the rack cutters ..
Neglecting the difference, we may identify the normal sections of gear teeth with the normal sections of rack cutters. Analtemative method for the determination of theequation of meshing is based on the following equations: Step 2: The generated gear 1tooth surface is represented in coordinate system 51 by the following equations. Step 3: Since we wiH consider the mesh of gear tooth surfaces we have to represent these surfaces in a coordinate system rigidly connected to the frame. For this purpose we choose the coordinate system Sf and represent t 1 , gear 1 tooth surface, using the following equations: 
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tions of the angle of rotation of the gears: CPi is the angle of rotation of gear i in mesh with the corresponding rackcutter, and ¢i is the angle .of rotation of the one gear in mesh with the mating gear.
The equations of gear 2 tooth surface, 1: 2 , may be determined in ill similar manner. Initially, we may represent these equations in the coordinate system 52, rigidly connected to gear 2 ( Fig. 8b) and then in coordinate system Sf rigidly connected to the frame.
Simwati.ons of Conditions of Meshi~g
We may simulate the conditions of meshing by changing the settings and orientation of the coordinate system Sir with respect to Sf" For instance, simulating the change of center distance !le, we may displace the origin Oh of the coordinate system Sir by !lC wi.th respect to 01 (Fig. 9a) 
Equation ( thus, one of these unknowns may be considered as a variable.
Change of AxesrDistance. Equations (19), (20), (A.9~A.14) yield the following procedure for computations:
Step 1: Using equations nil' = nif, we obtain (21) Fig. 9a Equation (21) with AF = Ap = ). yields that
Step 2: Using equations I' IW = nr;j, y}ll= y~2) and 41 = X~2), we obtain the following system of three equations in three unknowns (8, 
EQUAL'TO' THE' TASK
is determined by IO(~C). Thus, the bearing contact also depends on~c.
We may check the solution to Equations (23), (24) and (25) using theequation n~l = nW which yields sinOcOSfJ.l+ cosfJsinXsinlLl = sinOcosll2 -,cosfJsinAsinll2 (26) Step 
FOR MORE INFOR'MA TION OR APPLICATIONS ASSISTANCE, CALL OR WRITE:
Step 5: It is evident that since (), (29)
Step 6: We may also derive an approximate equation which relates () and 'the change of the center distance, .1.c. Since 1'1 and 1'2 are small, wernay make COSJ4 = 1 and sin,lLi -0 in Equation (25) . We then obtain where C = '1 + '2 + .1.c. Equations ( in Example 1. The misalignment is given by d1' = 0.1 deg (Fig. 9) . The kinematical errors dcP2 and the change of '0F and Op are given in Table 1 .
The compensation of kinematical errors is achieved with the change of the lead angle of the pinion AF = 75.093 deg (tJ.AF = 0.093 deg), The kinematicaj,erl"Orsaitercompensation are given in Table 2 .
Using the proposed method of compensation we could reduce substantially the kinematical errors induced by the misalignment of axes 'cf gear rotation by approximately 250 times.
ConclusIon
The authors have considered the geometric properties of circular arc helical gears and the method of their generation. 
COs8peOShp
Here (AU) (Al3)
The nominal value of the center distance is C = rl + r2'
